A bacterium's ability to acquire nutrients from its host during infection is an essential component of pathogenesis. For the Gram-positive pathogen Streptococcus pyogenes, catabolism of the amino acid arginine via the arginine deiminase (ADI) pathway supplements energy production and provides protection against acid stress in vitro. Its expression is enhanced in murine models of infection, suggesting an important role in vivo. To gain insight into the function of the ADI pathway in pathogenesis, the virulence of mutants defective in each of its enzymes was examined. Mutants unable to use arginine (⌬ArcA) or citrulline (⌬ArcB) were attenuated for carriage in a murine model of asymptomatic mucosal colonization. However, in a murine model of inflammatory infection of cutaneous tissue, the ⌬ArcA mutant was attenuated but the ⌬ArcB mutant was hyperattenuated, revealing an unexpected tissue-specific role for citrulline metabolism in pathogenesis. When mice defective for the arginine-dependent production of nitric oxide (iNOS ؊/؊ ) were infected with the ⌬ArcA mutant, cutaneous virulence was rescued, demonstrating that the ability of S. pyogenes to utilize arginine was dispensable in the absence of nitric oxide-mediated innate immunity. This work demonstrates the importance of arginine and citrulline catabolism and suggests a novel mechanism of virulence by which S. pyogenes uses its metabolism to modulate innate immunity through depletion of an essential host nutrient.
N utrient acquisition by a pathogen is necessary for the colonization of a host and represents an important aspect of bacterial pathogenesis. Identification of bacterial metabolic pathways utilized during an infection can reveal unique targets for novel therapeutics, as well as provide insight into the environmental cues being sensed by the pathogen. Additionally, the metabolism of a microbe can play an intricate role in pathogenesis by shuttling key metabolites away from or toward the host. This complex interaction can have an important influence on the host immune response and subsequent disease outcome. The challenge, then, becomes identifying those metabolic pathways active during an infection and deciphering their specific contributions to pathogenesis.
The group A streptococcus (Streptococcus pyogenes) is a common Gram-positive pathogen responsible for a large number of diseases that range in severity and invasiveness (1) . Noninvasive soft tissue infections include the common bacterial pharyngitis and impetigo; less common, but invasive and often life-threatening, soft tissue infections include necrotizing fasciitis (1) . Gene expression studies conducted during soft tissue infection have suggested that S. pyogenes encounters an environment that is likely deficient in glucose but with an abundance of amino acids and peptides (2) (3) (4) . Adaptation to this nitrogen-rich environment includes the enhanced expression of amino acid and peptide transporters, as well as catabolic pathways that can process these substrates (3, 4) . One metabolic operon that is prominently upregulated during growth in a mouse model of soft tissue infection and in human blood is the arginine deiminase (ADI) pathway (3, 4) .
Studies conducted in vitro have shown that the ADI pathway of S. pyogenes, encoded by the Arc operon, contributes to metabolism through the production of cellular energy and protection against acid stress (5, 6) . The pathway is composed of the three key enzymes: ArcA, ArcB, and ArcC, corresponding to arginine deiminase, ornithine carbamoyl transferase, and carbamate kinase, respectively (7) (8) (9) (Fig. 1) . The overall reaction converts arginine to ornithine, CO 2 , ammonia, and one molecule of ATP (Fig. 1) . The ArcD antiporter transports ornithine out and concomitantly brings arginine into the cell (10) (Fig. 1) . In addition to generating ATP, the production of two ammonia molecules can be utilized to buffer against acid stress (5, 11, 12) , which can be endogenously generated by the fermentative metabolism of S. pyogenes and the accumulation of its lactic acid end product (13) . ArcB's production of carbamoyl phosphate, a precursor in pyrimidine biosynthesis, may also contribute to synthesis of pyrimidines. These functions suggest that arginine metabolism makes an important contribution to S. pyogenes pathogenesis.
Arginine metabolism is also a key component of host innate immunity, serving as the substrate for the enzymatic generation of the antimicrobial molecule nitric oxide (NO · ), a potent radical that can elicit damage through a broad range of reactions that result in the modification of a number of cellular targets, including heme, protein thiols, tyrosine residues, lipids, and DNA (14) (15) (16) (17) . Production of NO · for antimicrobial purposes is typically via the inducible nitric oxide synthase (iNOS) (18) . Commonly expressed by macrophages, iNOS utilizes arginine to produce NO · and citrulline. Given its requirement for arginine, the expression and activity of iNOS are regulated by the extracellular availability of this substrate (19, 20) . To control iNOS activity, the host regu-lates the amount of available arginine by expression of arginase, an alternative arginine-consuming enzyme that competes with iNOS for substrates (21, 22) . Many pathogens exploit this host regulatory interaction by manipulating host arginase expression and limiting arginine availability in order to block production of NO · (21, 22) .
The recent identification of macrophages as an important immune mediator for controlling S. pyogenes in soft tissue (23, 24) suggests a role for iNOS during infection and, by extension, host arginine metabolism. To investigate the possible intersection of host and pathogen arginine metabolism in S. pyogenes pathogenesis, we constructed mutants defective for each of the individual genes of the ADI pathway and analyzed their behavior in murine models of asymptomatic mucosal colonization and symptomatic infection of subcutaneous tissue. These studies revealed that arginine metabolism contributes to both S. pyogenes colonization and disease, demonstrating a tissue-specific role for citrulline catabolism in pathogenesis and a novel mechanism for modulating innate immunity using the ADI pathway to deplete a critical host nutrient.
MATERIALS AND METHODS
E. coli strains, media, and growth conditions. Routine molecular cloning and plasmid propagation utilized E. coli DH5␣, which was cultured in Luria-Bertani medium at 37°C. When appropriate, erythromycin was added to the medium at 750 g/ml.
Streptococcus pyogenes strains, media, and growth conditions. Unless otherwise indicated, experiments utilized Streptococcus pyogenes HSC5 (25) and mutant derivatives of this strain (Table 1) . Routine culture employed Todd-Hewitt medium (Difco) supplemented with 0.2% yeast extract (Difco) (THY medium). When indicated, strains were cultured in C medium (0.5% protease peptone 3 [Difco], 1.5% yeast extract [Difco], 10 mM K 2 HPO 4 , 0.4 mM MgSO 4 , 17 mM NaCl). Growth for infection of macrophages is detailed below. For experiments involving amino acid supplementation, filter-sterilized 0.5 M stock solutions were used to add L-arginine or L-citrulline (Sigma) to a final concentration of 10 mM in media that had been sterilized in an autoclave. All growth experiments, unless otherwise stated, utilized sealed culture tubes at 37°C under static conditions. Solid medium was prepared by the addition of 1.4% Bacto agar (Difco) and was cultured anaerobically in sealed jars in the presence of commercially available gas-generating packets (GasPak catalog no. 70304; BBL). When appropriate, antibiotics were added at the following concentrations: erythromycin, 1 g/ml, and streptomycin, 1,000 g/ml.
Construction of deletion mutants. All references to genomic loci are based upon the genome of S. pyogenes SF370 (26) . In-frame deletion mutations in genes encoding ArcA (SPy_1547), ArcB (SPy_1544), ArcC (SPy_1541), and ArcD (SPy_1543) were generated by allelic replacement using the allelic-replacement vector pJRS233 (27) as described previously (28) and listed in Table 1 . Each deletion allele was generated by PCR using 5= phosphorylated primers for three-way ligations or through a process of overlap extension PCR (29) with the primers listed in Table 2 . The correct chromosomal structure in all mutants was verified using PCR.
Growth curve and determination of maximum doubling time. Indicated bacterial strains were back-diluted 1:50 into 1 ml of fresh C medium. Cultures were mixed briefly by vortexing, and 200 l was placed in triplicate into a 96-well plate (catalog no. 655-180; Greiner); plates were sealed using transparent adhesive film (catalog no. 60941-078, VWR). Monitoring of growth at 37°C was performed in a Tecan Infinite M200 Pro plate reader. During growth the plate was shaken every 10 min for 60 s, followed by a 30-s wait period and measurement of the optical density at 600 nm (OD 600 ). To determine the maximum doubling time, the normalized data were input into Prism Graphpad. Next, the initial period of exponential growth was fit to a growth equation (Y ϭ Y 0 e kt , where Y is OD 600 , Y 0 is OD 600 at time zero, k is exponential rate constant, t is time, and e is the constant, Euler's number) using nonlinear regression curve analysis to determine the exponential rate constant, which was then used to calculate the doubling time. The average doubling time was calculated from each replicate from at least three independent experiments. Preparation of S. pyogenes for macrophage infection. Following overnight growth in THY medium, the culture was back-diluted to an OD 600 of 0.05 in 50 ml of fresh THY medium and the incubation continued for approximately 3 to 4 h until the culture reached an OD 600 of 0.2. Bacteria were collected by centrifugation, washed once with 10 ml of a sterile 0.9% endotoxin-free saline solution (Teknova), and then resuspended in 1 ml of the saline solution. The suspension was placed on ice and then subjected to brief sonication to disrupt the streptococcal chains to individual cells as described previously (30) ; these were enumerated by microscopy using a hemocytometer (catalog no. 3900; Hausser Scientific). The suspension concentration was adjusted to 1 ϫ 10 9 cells/ml and diluted in the saline solution to vary the multiplicity of infection (MOI). Bacterial CFU in the suspension was determined by serial dilution in phosphate-buffered saline (PBS) and plating on THY medium, with enumeration of CFU following overnight growth.
Infection of macrophages. Macrophage infection was performed as previously described (31, 32) . Briefly, approximately 2. RAW 264.7 murine macrophage line were plated in each well of a six-well tissue culture plate (catalog no. CC7682-7506; Techno Plastic Products) and maintained in a culture medium consisting of RPMI 1640 (Life Technologies) with 10% fetal bovine serum (FBS) (Lenova). Cultures were incubated in a humidified 5% CO 2 atmosphere for 2 days prior to infection. Twenty-four hours prior to infection, macrophages were activated with 100 ng/ml of murine gamma interferon (IFN-␥; Sigma). Prior to infection, macrophages were then washed once with Dulbecco's phosphate-buffered saline (DPBS; Life Technologies), and fresh culture medium was added. Bacterial suspensions were prepared as described above, and aliquots were added to each macrophage-containing well to obtain the MOIs described below. For comparison, lipopolysaccharide (LPS) from E. coli (catalog no. L4391; Sigma) was added to an uninfected well to a final concentration of 1 g/ml. Incubation was then continued for 60 min at 37°C in 5% CO 2 . All wells were then washed with 2 ml of DPBS to remove bacteria, followed by addition of fresh culture medium containing penicillin (100 U/ml) and streptomycin (100 g/ml), and the incubation was continued for an additional 3 h. Macrophages were then harvested in 1 ml of DPBS using a cell scraper, and the number of recovered macrophages was determined by microscopy using a hemocytometer. The macrophages were collected by centrifugation and were placed at Ϫ80°C for storage. For measurement of NO · , macrophages were prepared as described above and plated in wells of a 12-well tissue culture plate (catalog no. 92412; TPP). Following a 60-min infection with S. pyogenes or incubation with LPS (1 g/ml), the wells were washed with DPBS, and fresh medium supplemented with penicillin (100 U/ml) and streptomycin (100 g/ml) was added. The incubation was continued for an additional 24 h, followed by determination of NO · concentrations as described below. Analysis of conditioned medium. The influence of S. pyogenes arginine metabolism on the production of NO · by cultured macrophages was determined as follows. The wild type and various Arc mutants were cultured overnight in C medium and then back-diluted 1/100 with RPMI 1640 supplemented with 10% FBS and 0.2% yeast extract in a 15-ml conical tube. Following growth at 37°C for 18 h, the streptococcal cells were removed by centrifugation, the pH was adjusted by the addition of 1 M HEPES (pH 7.5) to a final concentration of 100 mM, and the entire solution was sterilized by filtration using a 0.2-m filter. This conditioned medium was mixed with cell culture medium (RPMI 1640 plus 10% FBS) at the various concentrations indicated below and used to replace the media of tissue culture plates containing approximately 10 6 RAW 264.7 macrophages per well. These cultures were then stimulated by the addition of 1 g/ml of LPS. Following an additional 24 h of incubation, the production of NO · was determined as described below. Isolation of RNA and real-time RT-PCR. Total RNA was isolated from macrophages using a Qiagen QIAshredder and RNeasy minikit per the manufacturer's protocol. RNA isolated from mouse lesions were first subjected to mechanical disruption before being further processed using the Qiagen QIAshredder and RNeasy minikit. RNA was subjected to reverse transcription (RT) using iScript (Bio-Rad) per the manufacturer's instructions. RT-PCR analysis of cDNA samples was performed using iQ SYBR green Supermix (Bio-Rad) and the primers listed in Table 2 . Relative transcript levels were determined using the threshold cycle (⌬⌬C T ) method using a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcript as a standard and are presented in comparison to those in uninfected cells. The data shown are the means and the standard deviations derived from triplicate determinations of two separate biological samples prepared from at least two independent experiments.
Measurement of NO · concentration. The concentration of by-products formed by the oxidation of NO · , NO 3 Ϫ , and NO 2 Ϫ were measured using the Griess reagent system (Promega) per the manufacturer's instructions. Absolute concentrations were determined by comparison to a standard curve prepared in cell culture medium.
Infection of mice. Inflammatory infection of murine subcutaneous tissue was conducted as described in detail previously (30, 33) using 6-to 8-week old female SKH1 mice obtained from Charles River Laboratories and C57BL/6 (catalog no. 000664) or B6.129P2-Nos2tm1Lau/J (iNOS Ϫ/Ϫ ; catalog no. 002609) mice obtained from the Jackson Laboratory. Mice received a subcutaneous injection of 10 7 bacterial CFU of the bacterial strains indicated below. Following infection, the resulting ulcers were imaged over the course of several days as indicated and the areas of the irregular lesions calculated as described in detail elsewhere (30) . Where noted, the number of CFU recovered in tissues was measured as described previously (30) . The ability of strains to establish asymptomatic colonization of the murine vaginal mucosa was evaluated in C57BL/6 mice, as described in detail elsewhere (34) . Colonization was assessed at selected time points over the course of 34 days by monitoring the number of CFU recoverable in a 50-l vaginal wash. In all of these cases, data presented are pooled from at least 2 independent experiments with a total of 10 mice per experimental group. Ethics statement. This study was carried out in accordance with the Public Health Service Policy on Humane Care and Use of Laboratory Animals and AAALAC accreditation guidelines. The protocols were approved by Washington University in St. Louis' Animal Studies Committee (Animal Welfare Assurance number A-3381-01, protocol 20100186, and protocol 20080079).
Statistical analyses. Unless otherwise indicated, differences between experimental groups were tested for significance using the Mann-Whitney U test. Difference between groups for recovery of CFU in vaginal washes over time was tested for significance using a repeated-measures analysis of variance (34 
RESULTS
The ADI pathway contributes to growth. Arginine catabolism can contribute to bacterial metabolism and pathogenesis in a number of different ways, including the production of ATP, ammonia, and carbamoyl phosphate and, potentially, the inhibition of iNOS (12, 32) . To investigate the role of arginine catabolism in the pathogenesis of S. pyogenes, individual in-frame deletion mutations were constructed in arcA (SPy_1547), arcB (SPy_1544), arcC (SPy_1541), and arcD (SPy_1543), which encodes the arginine-ornithine antiporter. By comparing each mutant to the ⌬ArcA mutant, it should be possible to dissect the specific contributions of arginine catabolism to pathogenesis. First, growth phenotypes were analyzed during in vitro culture. For wild-type S. pyogenes, the addition of 10 mM arginine to C medium resulted in a significant increase in growth yield ( Fig. 2A) . In comparison, the growth yields from all four mutant strains (⌬ArcA, ⌬ArcB, ⌬ArcC, ⌬ArcD mutants) did not benefit from additional arginine, with yields that were nearly identical to those obtained in the absence of added arginine ( Fig. 2A) . Despite the reduction in the final growth yield, all four Arc mutants grew similarly to the wild type (see Fig. S1 in the supplemental material) and retained a maximum doubling time comparable to that of the wild-type strain ( Fig. 2A) , suggesting that any measurable growth defect is the result of a specific disruption of the ADI pathway. Furthermore, complementation of each Arc mutant restored the ability to grow to yields comparable to those of the wild type in both the presence and absence of arginine (see Fig. S2 in the supplemental material). Previous research has demonstrated that added citrulline can be utilized by S. pyogenes for protection against acid stress (12) . To determine if it could also be utilized for growth, we next measured citrulline's ability to increase the growth yield of the wild type in C medium. Addition of 10 mM citrulline resulted in no measurable increase in growth yield as measured by OD 600 for the wild type or any Arc mutant (Fig. 2B ). These results demonstrate that arginine but not citrulline can be utilized for growth via the ADI pathway and that this growth requires all four proteins.
⌬ArcA and ⌬ArcB mutants are attenuated in a murine model of mucosal colonization. Despite its inability to supplement growth, it has been reported that citrulline can protect S. pyogenes against acid stress as effectively as arginine (12) . Given that ArcA Ϫ mutants retain the ability to utilize citrulline (12), comparison of the wild type and ⌬ArcA and ⌬ArcB mutants should allow a dissection of the relative contribution of arginine versus citrulline catabolism to mucosal colonization. Using a recently established model of asymptomatic carriage in the murine vaginal mucosa (34) , each of these strains was vaginally inoculated into pre-estrogenized C57BL/6J mice and colonization monitored by determining numbers of viable CFU from vaginal washes over the course of 34 days. In this model, the wild-type strain maintains a high level of colonization for more than 20 days in the absence of obvious symptomatology before CFU rapidly decreases (34) (Fig.  3) . Comparison of CFU revealed a significant decrease in carriage density for both the ⌬ArcA and ⌬ArcB mutants compared to the wild type (Fig. 3) . Since the ⌬ArcA mutant retains the ability to use citrulline, while the ⌬ArcB mutant cannot utilize either citrulline or arginine, it would be expected that a requirement for hostderived citrulline would result in a higher level of attenuation for the ⌬ArcB mutant. However, the two mutants were attenuated to similar degrees (Fig. 3) . Thus, this observation indicates that the ability to acquire arginine, but not citrulline, from host tissue is important for colonization and carriage in an environment that mimics the mucosal surface more typically encountered by S. pyogenes.
The ⌬ArcA mutant is attenuated in a model of inflammatory soft tissue infection. Given the influence of arginine in supporting asymptomatic colonization, we next wished to examine whether utilization of this amino acid contributes to symptomatic infection. Following inoculation into the subcutaneous tissue on Table 1 . Data are presented as percent growth relative to that of the wild type grown in unsupplemented C medium and are the means and standard deviations from at least three independent experiments. Differences in growth yield between each supplemented culture versus unsupplemented culture were tested for significance using the Mann-Whitney U test (***, P Ͻ 0.001). Doubling times were calculated as described in Materials and Methods.
the flank of a mouse, the HSC5 wild-type strain typically forms a localized lesion characterized by ulceration and formation of an eschar within 24 h. The lesion expands in size and reaches a peak area by day 3 postinoculation (30) . Monitoring the lesion area formed by infection with both the wild type and the ⌬ArcA mutant revealed that for the 5-day period examined, the mutant formed significantly smaller lesions on all days monitored (Fig. 4A) . The ⌬ArcB and ⌬ArcC mutants produce significantly smaller lesions than the ⌬ArcA mutant. Given that these enzymes function in a discrete metabolic pathway, it was expected that deletion of genes both upstream and downstream of arcA would phenocopy the ⌬ArcA mutant, as seen in the murine model of mucosal colonization. This was observed for infection by the mutant lacking the arginine antiporter, which produced lesions equivalent to those produced by the ⌬ArcA mutant (Fig. 4B,  ⌬ArcD) . However, the ⌬ArcB and ⌬ArcC mutants were both hyperattenuated, forming significantly smaller lesions than the already attenuated lesions formed by the ⌬ArcA mutant (Fig. 4B) . One explanation for this phenotype is that the loss of ArcB or ArcC results in the accumulation of intermediates detrimental to growth. In this case, deletion of an upstream gene should prevent the formation of any detrimental intermediates generated by a gene downstream. However, infection by a ⌬ArcA ⌬ArcB double mutant resulted in ⌬ArcB-like hyperattenuated lesions (Fig. 5A) . Differences in virulence correlated to bacterial burden in tissue, with the number of CFU recovered from the ⌬ArcA mutant significantly less than that of the wild type and those from ⌬ArcB and the double mutant measurably less than that of the ⌬ArcA mutant (Fig. 5B) . Thus, hyperattenuation was due to the lack of a functional ArcB and not due to the accumulation of intermediates. Taken together, these results suggest that attenuation likely resulted from the loss of an ability to utilize arginine while still retaining an ability to use citrulline, while hyperattenuation resulted from the loss of the ability to utilize both substrates.
iNOS is upregulated during an S. pyogenes infection. Macrophages are often recruited to a site of active infection and have been demonstrated to be essential for controlling dissemination of S. pyogenes (23, 24) . Macrophages target bacteria through a number of different bactericidal effectors, including NO · . However, if macrophages produce NO · in response to S. pyogenes, then both pathogen and host cells would be in competition for arginine. To examine the macrophage response to Streptococcus pyogenes, RAW 264.7 cells were challenged with S. pyogenes in vitro. Following infection with the wild-type strain at various MOIs, expression of iNOS was quantified using real-time RT-PCR. Analysis of transcript abundance revealed that iNOS expression increased in a dose-dependent manner, with an MOI of 1 eliciting expression comparable to that obtained with LPS, a known iNOS agonist (Fig. 6A) . These results were confirmed by direct measurement of NO · following infection with S. pyogenes, which was produced to levels similar to those of LPS (Fig. 6A, inset) , thus demonstrating that IFN-␥-stimulated macrophages can respond to S. pyogenes by producing NO · . To further validate the upregulation of iNOS in response to S. pyogenes, we next examined the relative expression of iNOS in the tissue surrounding the site of a subcutaneous infection. Comparison of iNOS transcripts from mice infected with S. pyogenes to those from mock-infected mice revealed an increase in transcript to levels comparable to those in in vitro infection of RAW 264.7 macrophages (Fig. 6A) , demonstrating the upregula- tion of iNOS in the presence of S. pyogenes during a subcutaneous infection. NO · production by RAW 264.7 macrophages is influenced by S. pyogenes arginine catabolism. Since S. pyogenes stimulated macrophage NO · production, it was of interest to examine how this activity may be influenced by S. pyogenes arginine metabolism. To look more specifically at arginine metabolism in the absence of macrophage death induced by unrestricted extracellular streptococcal growth and its associated acidification of media, NO · production in response to LPS stimulation was examined in pH-adjusted cell culture medium that had been preconditioned by growth of wild-type S. pyogenes or various Arc mutants. Given that other essential nutrients would also be depleted, conditioned medium was mixed with fresh medium at several different ratios. For all strains, a decrease in the concentration of conditioned medium resulted in a stepwise increase in macrophage NO · production, reaching a maximum at 50% conditioned medium (Fig. 6B) . However, conditioned medium from the ⌬ArcA mutant supported significantly more NO · production than that derived from either the wild type or the ⌬ArcB mutant (Fig. 6B ). Since they do not differ in growth rates, the only difference between the ⌬ArcA and ⌬ArcB mutants is that the latter still possesses the arginineconsuming enzyme arginine diminase. Thus, these data indicate that ArcA-mediated consumption of arginine by S. pyogenes can modulate macrophage NO · production. ⌬ArcA mutant virulence is restored in iNOS ؊/؊ mice. To further investigate the role of NO · in streptococcal disease, infection of iNOS Ϫ/Ϫ mice was conducted to determine if arginine utilization by S. pyogenes in vivo actively inhibited production of NO · via substrate depletion. Both wild-type and iNOS Ϫ/Ϫ C57BL/6 mice were infected subcutaneously with wild-type, ⌬ArcA, or ⌬ArcB S. pyogenes, and skin lesions were compared. No significant differences were observed between infections by wild-type S. pyogenes in wild-type or iNOS-deficient mice as assessed by lesion area or recoverable CFU (Fig. 7) . Similarly, infection with ⌬ArcB S. pyogenes produced lesions that were equally attenuated in wild-type or mutant mice compared to those obtained with wild-type S. pyogenes. However, the ⌬ArcA mutant was significantly more virulent for iNOS Ϫ/Ϫ mice than for wild-type mice based on both lesion size (Fig. 7) and CFU recovered (Fig. 7) . Thus, in the absence of iNOS, ArcA is not required for virulence, suggesting that its principal role is to inhibit production of NO · via depletion of its arginine substrate. In wild-type mice, the ⌬ArcA mutant cannot deplete arginine, resulting in its attenuation. Furthermore, since the virulence of the ⌬ArcB mutant is unaltered in iNOS Ϫ/Ϫ mice, its attenuation is due not to an increase in NO · production but rather to the disruption of citrulline catabolism. Taken together, these data support a role for citrulline catabolism in pathogenesis and demonstrate that arginine catabolism plays an important role in the manipulation of the innate immune response against S. pyogenes.
DISCUSSION
The ADI pathway has an interesting history in S. pyogenes. For example, ArcA was originally isolated as a protein with antitumor activity from cellular extracts of S. pyogenes and was known as streptococcal acid glycoprotein (35, 36) . Studies that have charac- in-frame deletion in arcA (⌬ArcA) or arcB (⌬ArcB) was compared with those of the wild type (WT) and a mutant with a deletion of both genes (⌬ArcA ⌬ArcB) using the murine subcutaneous infection model. Hairless SKH1 mice were inoculated with 10 7 CFU of each strain, and on day 3 the area of the resulting lesion was recorded (A) and the number of recoverable CFU determined (B). Data are pooled from a minimum of three independent experiments, with the bar indicating the mean for lesion area or geometric mean for bacterial burden. Each symbol plotted represents the value derived from an individual animal. Differences between each mutant compared to the wild type were tested for significance using the Mann-Whitney U test (**, P Ͻ 0.01; ***, P Ͻ 0.001). cells were stimulated with IFN-␥ and then infected with wild-type strain HSC5 at the several MOIs indicated for comparison to LPS (1 g/ml). Extracellular bacteria were removed after 60 min as described in Materials and Methods, and the abundance of the iNOS transcript was determined by real-time RT-PCR following an additional 3 h of incubation. Transcript abundance is reported relative to that detected in uninfected macrophages. For the black bar, SKH1 mice were inoculated with either wild-type HSC5 or 0.9% sodium chloride solution. At day 1 postinfection, samples were processed and analyzed. Transcript abundance is reported relative to that in mock-infected mice. Data represent the means and standard deviations of at least two independent experiments with samples analyzed in triplicate. The generation of NO · following infection (MOI ϭ 1) was also determined in culture supernatant using the Griess reagent and compared to a standard curve (inset). (B) Influence of arginine catabolism on NO production. Cell-free-conditioned medium generated as described in Materials and Methods was added to wells with RAW 264.7 cells in combination with fresh cell culture medium. The cells were then stimulated with 1 g/ml of LPS. Following 24 h of stimulation, the production of nitric oxide was measured. Data are presented as the means and standard deviations from at least two independent infections, each measured in triplicate. Asterisks indicate significance as follows: **, P Ͻ 0.01, and ***, P Ͻ 0.001. n.s., not significant.
terized ArcA Ϫ mutants as having an altered ability to invade into host epithelial cells have implicated the pathway in pathogenesis. However, these analyses have reported both reduced (12) and enhanced (37) invasion, leaving its role unclear. In the present study, we examined a panel of mutants with mutations in the ADI pathway to show that arginine metabolism contributes to the ability of S. pyogenes to colonize the mucosa, that catabolism of both arginine and citrulline contributes to pathogenesis in soft tissue, and that an ability to consume arginine manipulates innate immunity.
Utilization of arginine and citrulline can aid in both the production of ATP, as well as through protection against acid stress (38) . However, given that the abilities to use these two substrates both reside within the ADI pathway, these phenotypes are difficult to separate. In this regard, it is interesting that while the ⌬ArcA mutant was attenuated for mucosal colonization and in soft tissue infection, the ⌬ArcB mutant was hyperattenuated in cutaneous tissue. One possible explanation for this hyperattenutation could be the disruption of a secondary function of ArcB that resides outside arginine catabolism. Recently it has been demonstrated that deletion of arcD in S. pneumoniae has a negative impact on pathogenesis independent of its canonical function within the ADI pathway (39) . However, given that deletion of arcC in S. pyogenes downstream of arcB was also hyperattenuated in the cutaneous model, the data presented are more consistent with a tissue-specific requirement for citrulline metabolism. Since utilization of citrulline in vitro does not increase growth yield but can contribute to acid stress resistance, the latter property is most likely to be of importance for growth in tissue. Consistent with this, we have utilized the panel of mutants constructed in this study to dissect the ADI pathway's contribution to acid stress resistance and found that the ⌬ArcB and ⌬ArcC mutants are unable to use citrulline for protection against acid stress and that while the ADI pathway's ability to produce ammonia contributes to resistance, its production of ATP is critical (Z. Cusumano and M. Caparon, submitted for publication). Histological analysis of murine cutaneous lesions has revealed that S. pyogenes grows confined within a large abscess-like cavity (40) . The accumulation of a high density of bacteria undergoing fermentation would be expected to result in production of significant quantities of organic acids and a marked reduction in local pH. This is supported by analyses of the S. pyogenes transcriptome during murine soft tissue infection, which have revealed a signature characteristic of adaptation to an acidic environment (2) . Taken together, these observations suggest that the ability to utilize citrulline is necessary to endure the acidic conditions experienced during a soft tissue infection.
Citrulline has long been recognized as an important metabolic intermediate in the urea cycle (41) . However, since it is a nonessential amino acid that is not incorporated into proteins, it has received relatively little attention in pathogenesis. The observation that citrulline has a role in fine-tuning arginine homeostasis in response to diet has resulted in an appreciation that citrulline is a ubiquitous amino acid present in all tissues (42) , and more recent studies have begun to explore how its ready availability may be exploited by pathogens. For example, in Francisella tularensis, catabolism of citrulline via the enzyme citrulline ureidase (43) produces ammonia that contributes to the inhibition of phagosomal maturation (44) and has also been implicated in inhibiting production of NO · through depletion of citrulline (31) , which can be recycled to arginine by the host enzymes arginosuccinate synthase and arginosuccinate lyase (42) to produce a steady supply of arginine for iNOS (45) .
Substrate depletion has emerged as a common mechanism by which pathogens inhibit the activity of iNOS. This can occur by pathogen upregulation of host arginase (46) or production of arginase by the pathogen itself (32) . In the case of Helicobacter pylori, arginase also works in concert with bacterial urease to create ammonia to protect against acid stress (47). Similar to work with H. pylori, the work described here involves a dual purpose for arginine catabolism for protection against both acid stress and production of NO · . However, an important difference is that rather than using an arginase, S. pyogenes has adapted a catabolic pathway with additional roles in production of energy. In addition, we found that while arginine consumption was dispensable for virulence in iNOS Ϫ/Ϫ mice, citrulline utilization was still required. Furthermore, despite the fact that it lacks a functional ADI pathway, the ArcB mutant retained the ability to inhibit macrophage NO · production. Since this mutant retains a functional ArcA enzyme, it is likely that the ⌬ArcB mutant can still deplete arginine. Recently ArcA has been found to locate to the surface of S. pyogenes cells (48), suggesting a mechanism by which ArcA may gain access to extracellular arginine independent of a functional ADI pathway.
Pathogen manipulation of host arginine metabolism can have additional influences on pathogenesis. For example, pathogen- 
FIG 7
The ⌬ArcA mutant forms wild-type lesions in iNOS Ϫ/Ϫ mice. The murine subcutaneous infection model was used to evaluate the influence of iNOS on the course of infection in response to the wild type (WT) and⌬ArcA and ⌬ArcB mutants. Each S. pyogenes strain was used to infect both parental (iNOS ϩ/ϩ ) and knockout (iNOS Ϫ/Ϫ ) C57BL/6 mice. Lesion area was measured at day 3 postinfection, and tissue was excised for determination of recoverable CFU (bacterial burden). Data are pooled from at least two independent experiments. Each symbol plotted represents the value derived from an individual animal. The bar indicates the mean lesion area or geometric mean of bacterial CFU. For each S. pyogenes strain, differences in virulence observed between the parental and iNOS Ϫ/Ϫ mice were tested for significance using the Mann-Whitney U test (*, P Ͻ 0.05).
induced upregulation of host arginase also results in an increase in downstream metabolites, including ornithine, which is converted into polyamines such as spermidine and spermine (49) . These metabolites can inhibit proinflammatory gene expression to enhance survival of some pathogens (50) and are also detrimental to certain pathogens, such as Staphylococcus aureus, that are sensitive to polycations (51) . Interestingly, strains of S. aureus frequently associated with skin infections have a high association of carriage of the arginine catabolic mobile element (ACME), which, in addition to bearing genes necessary for arginine catabolism, also bears a polyamine resistance gene, speG, which has recently been shown to aid in a mouse model of staphylococcal skin infections (52) . It will be of interest to determine how polycations may influence S. pyogenes's metabolism and how S. pyogenes's arginine catabolism may also influence host polycation production.
Arginine metabolism also had tissue-specific effects on S. pyogenes pathogenesis, as shown by comparing asymptomatic mucosal carriage versus inflammatory soft tissue infection. Tissue-specific effects on activation of host iNOS expression have also been reported for several other animal models of S. pyogenes infection. During intraperitoneal infection of mice, iNOS expression is not induced in macrophages at time points as late as 16 h postinfection (53) . In contrast, an in vitro infection of bone marrow-derived macrophages demonstrated a Toll-like receptor 9 (TLR9)-dependent increase in NO · and reactive oxygen species in the presence of S. pyogenes (54) . Additionally, serum NO · levels have also been shown to increase during an intravenous infection of mice (55) . Examination of gene expression in the murine soft tissue infection model has also revealed both time-resolved alterations in the S. pyogenes transcriptome (56, 57) and host proinflammatory cytokine expression, with levels of some cytokines not reaching their peak until 48 h postinfection (24) . Finally, in addition to the route of infection, iNOS activity has also been found to vary between mouse strains, suggesting an additional host genetic component in murine models (55) . Together these experiments demonstrate that the host interaction with S. pyogenes is complex and likely multifactorial in terms of determining the ultimate final host response. In the current study, iNOS was found to be highly upregulated in murine tissue on day 1 following S. pyogenes infection, suggesting that during a cutaneous infection the host may attempt to upregulate iNOS to impede S. pyogenes outgrowth, as seen with other Gram-positive organisms (52, 58) . However, depletion of arginine by S. pyogenes via the ADI pathway inhibits the production of NO · , rendering iNOS ineffective. This ineffectiveness is highlighted by the lack of a significant increase in virulence in an iNOS-deficient mouse compared to that in a wild-type mouse. Interestingly, examination of an arcA mutant revealed that inactivation of iNOS resulted in an increase in both lesion size and CFU compared to those in the wild-type mouse strain, further supporting our model in which the ability of iNOS to produce NO · is inhibited by wild-type S. pyogenes through substrate depletion. This unique phenotype reveals an ongoing discussion between the host and pathogen in terms of sharing available metabolites and reveals a unique outcome determined by the pathogen's metabolism. Further investigation into the host innate immune response during a soft tissue infection, and examination of the effect of metabolites on this response, will be essential in understanding the influence of the metabolism of S. pyogenes on host-pathogen interactions and pathogenesis.
